Three-dimensional measurements made using photogrammetry have recently gained popularity with the development of real-time detection facilities and up-todate equipment. The modelling of human bones presents a particular challenge as the measurements required are difficult to obtain, especially from uneven surfaces. In this study, the articular surfaces of 12 radius bones were evaluated using photogrammetry to obtain three-dimensional coordinates of certain points. Morphometric characteristics of the digital topography of the articular surface were analysed using three-dimensional data from more than 200 points for each specimen. The coronal plane curve, from the tip of the styloid process to the centre of the distal radioulnar articular notch, was found to be similar to the fourth degree polynomial function. A mathematical expression representing the sagittal curve passing through scapholunate border could not be found. Close-range photogrammetry is a safe and precise technique that can provide reliable, reproducible and accurate data for evaluating complex morphological surfaces.
Introduction
Photogrammetry involves the identification, measurement and interpretation of photographically detectable electromagnetic radiation reflected from objects. The combination of photogrammetry and remote sensing enables reliable geometric and thematic information concerning the physical environment and physical objects and processes to be obtained via the acquisition, measurement, analysis and interpretation of images using non-touching sensor systems. Photogrammetry also permits the threedimensional reconstruction of surface structures. Photogrammetric studies were first carried out on the human body during the American Civil War, 1 but the recent development of real-time detection facilities has made this technique increasingly popular in medical examinations, 2 and new capabilities have provided clinically meaningful results. 3 Both analogue and analytical photogrammetry have been used in a wide spectrum of applications to investigate different parts of the human body, 4 including the head, various organs, the feet, the teeth, and the corneal and retinal membranes of the eye. Digital techniques have been successfully applied to the face, the back and the surface morphology of the whole body. Close-range photogrammetry is being used extensively in diagnosis and treatment, as well as in biomedical research.
The wrist or radiocarpal joint occurs between the distal end of the radius and the carpus. It is a synovial joint of the condyloid type. 5 The morphological detail of the articular surface of the distal radius is not completely understood, but the exact nature of the surface architecture is important in the reconstructive surgery of traumatized wrist joints and the design of arthroplastic devices. To our knowledge, close-range photogrammetry has not been previously used in the analysis of wrist morphology. Despite its advantages, the clinical applications of photogrammetry are still limited to various commercial applications such as the analysis of human dynamics and measurement of backbone forms. In this study, we used closerange photogrammetry to evaluate the articular surface of the distal radius.
Materials and methods

BONES ANALYSED
Bones were obtained from the Anatomy Departments of Ankara University School of Dentistry and Yüzüncü Yil University School of Medicine. The bones are kept and used for teaching students, so no ethical approval for the study was required.
The articular surfaces of 12 radius bones (six right and six left) were evaluated using a digital photogrammetric technique. Since it is impossible to describe articular surface points as defined co-ordinates using conventional methods, a framework for holding the bone was developed. Three-dimensional co-ordinates were measured relative to this framework, and the co-ordinates of the reference points determined using a compass with a precision of 0.05 mm. The framework and a bone prepared for taking images to evaluate the radial articular surface are shown in Fig. 1 .
PHOTOGRAMMETRY
Black and white digital photos were taken using a Nikon Coolpix 950 C ® digital camera (Nikon Corporation, Tokyo, Japan). Six to eight pictures of the articular surface of the distal radius were taken for each specimen, and the three that best demonstrated the complete surface were selected for evaluation.
Measurements were carried out using at least two photographs. The bones were photographed from several angles so that any point was visible on at least two or more photographs. Using control and triangulation points, the geometry of the whole bone could be reconstructed with high precision. The image co-ordinates of any object-point measured in at least two photographs can be intersected and the results are the co-ordinates of the required points.
During the photogrammetric evaluation process, the morphometric features of the distal radial joint surfaces were determined.
To produce a digital model of the surface, the three-dimensional co-ordinates of about 200 points were measured. These points and lines were transformed to DXF™ format, and the obtained data were used to form a digital elevation model of the surface using ArcView ® (Eos System Inc., Vancouver, Canada) geographical information system software. A digital model of the bottom joint surface of the radius was produced, and topographical analysis of the radial articular surface and the intersection of the scaphoid fossa and the lunate was performed using coronal and sagittal cross-sectional studies.
A three-dimensional model and the crosssections obtained from it are shown in Fig. 2 . Height Height Photogrammetric analysis of the distal radius styloid process to the centre of the distal radioulnar articular notch, was found to be similar to the fourth degree polynomial function. A mathematical expression representing the sagittal curve passing through the scapholunate border could not be found.
Results
Various problems were encountered during the study, the main one being the need to take repeated photographs until the most appropriate perspective to provide the most detailed information about the surface details was found. An inadequate number of significant points for measuring threedimensional co-ordinates and an insufficient number of marks made it impossible to obtain the desired number of points. It was not possible to produce a mathematical formula that fully expressed the anatomy of the surfaces. This process of representation is possible only when a large number of points are specified in three-dimensional format. It was therefore necessary to take repeated photographs, and the measurement process was not satisfactorily performed on some bones. The evaluation process is shown in Fig. 1 . Marks were drawn on the images using very fine-tipped pencils, paying particular attention to even distribution due to the fact that very few points marked colour or cell-related differences. The threedimensional co-ordinates of these points were then measured from the photographs.
Discussion
Robertson et al. 6 evaluated the proximal part of the humerus using three-dimensional high-resolution computer models based on computed tomographical data. They claimed several advantages for this method, including analysis of both extramedullary and intramedullary morphology (including canal shape), non-destructive creation of a reproducible intramedullary axis, the use of volumetric continuous data (which reduced model interpolation and increased accuracy), and analysis of control morphology. The slice thickness used was between 2 mm and 5 mm, which is not appropriate for threedimensional evaluation of a complex surface.
Monk et al. 7 performed laser morphometric analysis of the glenoid fossa, and found that it does not have a single orientation with respect to the scapular plane. Laser scanning uses the time difference between the emission and detection of laser beams from the surface being studied to produce a three-dimensional reconstruction. The accuracy of the image produced depends on the number of parts scanned. In contrast, in photogrammetry data is produced from pictures taken directly of the object, which is technically superior.
In our study, close-range photogrammetric analysis of the distal radius using the specifically designed framework allowed production of the topographical data required for evaluating complex surfaces. It is therefore possible to simulate precisely the articular surface of the distal radius to facilitate surface replacement arthroplasty, which has recently been considered. 8 If recreation of normal anatomy is the goal of prosthetic replacement of the wrist joint, it is important to have a three-dimensional understanding of the normal articular surface; this knowledge can affect prosthetic sizing, positioning and design.
Soslowsky et al. 9 studied the articular geometry of the glenohumeral joint using stereophotogrammetry, and found an arithmetical expression to describe this joint. In the present study, although the coronal plane curve was found to be similar to the fourth degree polynomial function, we could not find a mathematical expression that represented the sagittal curve. This may be because of the relative irregularity of this
